The Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2), is NASA's latest reanalysis for the satellite era (1980 onward) using the Goddard Earth Observing System, version 5 (GEOS-5), Earth system model. MERRA-2 provides several improvements over its predecessor (MERRA-1), including aerosol assimilation for the entire period. MERRA-2 assimilates bias-corrected aerosol optical depth (AOD) from the Moderate Resolution Imaging Spectroradiometer and the Advanced Very High Resolution Radiometer instruments. Additionally, MERRA-2 assimilates (non bias corrected) AOD from the Multiangle Imaging SpectroRadiometer over bright surfaces and AOD from Aerosol Robotic Network sunphotometer stations. This paper, the second of a pair, summarizes the efforts to assess the quality of the MERRA-2 aerosol products. First, MERRA-2 aerosols are evaluated using independent observations. It is shown that the MERRA-2 absorption aerosol optical depth (AAOD) and ultraviolet aerosol index (AI) compare well with Ozone Monitoring Instrument observations. Next, aerosol vertical structure and surface fine particulate matter (PM 2.5 ) are evaluated using available satellite, aircraft, and ground-based observations. While MERRA-2 generally compares well to these observations, the assimilation cannot correct for all deficiencies in the model (e.g., missing emissions). Such deficiencies can explain many of the biases with observations. Finally, a focus is placed on several major aerosol events to illustrate successes and weaknesses of the AOD assimilation: the Mount Pinatubo eruption, a Saharan dust transport episode, the California Rim Fire, and an extreme pollution event over China. The article concludes with a summary that points to best practices for using the MERRA-2 aerosol reanalysis in future studies.
Introduction
The Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2), is NASA's latest reanalysis for the satellite era (1980 onward) using the Goddard Earth Observing System, version 5 (GEOS-5), Earth system model. MERRA-2 provides several improvements over its predecessor MERRA-1 (Rienecker et al. 2011) , including online aerosol fields that interact with model radiation fields (i.e., aerosol direct and semidirect effects) for the entire period (Randles et al. 2017, hereafter Part I) .
In recent years, to better understand the role of aerosols in the climate system and their impacts on air quality, significant efforts have been made to greatly increase both space-and ground-based observations of aerosols. Simultaneously, global aerosol models are becoming more complex while better representing many h Current affiliation: ExxonMobil Research and Engineering Company, Annandale, New Jersey. important observed aerosol properties [especially aerosol optical depth (AOD); Kinne et al. 2006] . Satellite observations have sparse geographical and temporal coverage due to cloud contamination, uncertainties in aerosol retrievals, and sensor-specific data gaps. Although they provide continuity, aerosol models experience uncertainties due to emissions and physical parameterizations. One approach to provide a better representation of aerosols in the atmosphere is to take advantage of both models and sparse observations using data assimilation techniques. By combining the high temporal and spatial coverage of a global model with constraints provided by available observations, the development of data assimilation capabilities can potentially provide a better characterization of aerosols than either a model or observational network alone. Several operational and weather and climate research centers have developed aerosol data assimilation capabilities on a global scale recently (Tanaka et al. 2003; Zhang et al. 2008; Benedetti et al. 2009; Sekiyama et al. 2010; Pérez et al. 2011; Buchard et al. 2015; Rubin et al. 2016; Lynch et al. 2016) . Moreover, on regional scales, several studies have shown positive impacts of assimilation of satellite and/or ground-based aerosol observations on air quality forecasts (Li et al. 2013; Chen et al. 2014; Schwartz et al. 2014; Saide et al. 2014; McHenry et al. 2015) .
In addition to assimilating bias-corrected Moderate Resolution Imaging Spectroradiometer (MODIS) AOD from both the Terra and Aqua satellites, MERRA-2 includes assimilation of bias-corrected AOD from the space-based Advanced Very High Resolution Radiometer (AVHRR) over ocean. Non-bias-corrected AOD is also assimilated from the space-based Multiangle Imaging SpectroRadiometer (MISR) over bright surfaces and from ground-based Aerosol Robotic Network (AERONET) stations (Level-2 AOD). It is important to evaluate aerosol diagnostics other than AOD. While AOD is directly constrained by observations in MERRA-2, other aerosol diagnostics depend both on the quality of the observed AOD and the quality of the background forecast (i.e., aerosol speciation, size, and vertical structure, plus the assumed optical properties that are used to convert aerosol mass to AOD). Furthermore, like the AOD, these diagnostics also depend on the parameterization of error covariances in the aerosol data assimilation algorithm.
This paper is the second of a pair that summarize our effort to evaluate MERRA-2 aerosol fields. Part I focused on describing the aerosol data assimilation system as well as the performance of MERRA-2 AOD by means of innovation statistics and relative to independent (unassimilated) AOD observations. Here we present an evaluation of MERRA-2 aerosol fields that are not directly constrained during the assimilation process. We assess the performance of the aerosol reanalysis by means of comparisons to ground-based, satellite, and aircraft measurements as in Buchard et al. (2015 Buchard et al. ( , 2016 . We also focus our analysis on particular events (e.g., volcanic, dust, biomass burning, and pollution events) to demonstrate a sample of the capabilities and limitations of the MERRA-2 aerosol reanalysis. Finally, as in Part I, throughout this study we demonstrate the impact of AOD assimilation on aerosol properties and distributions (see section 2b).
In section 2, we briefly summarize the MERRA-2 aerosol assimilation system and we describe the additional control experiment that is used to highlight the impacts of AOD assimilation. Section 3 presents an assessment of two aerosol properties-the aerosol index (AI) and absorption AOD (AAOD)-compared with Ozone Monitoring Instrument (OMI) measurements. Next, we evaluate the vertical distribution of aerosols using lidar observations from the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and from airborne High Spectral Resolution Lidar (HSRL) instruments during atmospheric composition field campaigns over the United States. The last part of this section is a qualitative evaluation of MERRA-2 surface PM 2.5 on a global scale followed by a quantitative analysis of PM 2.5 over the continental United States using data collected by the U.S. Environmental Protection Agency (EPA) and the Interagency Monitoring of Protected Visual Environments (IMPROVE) networks. In section 4, we present case studies of four major aerosol events: the Pinatubo eruption in 1991, a Saharan dust event and transport over the Atlantic in 2010, the Rim Fire that occurred in California in 2013, and an extreme pollution event in China in winter 2013. We conclude in section 5 with a summary that points out the known issues and limitations of the MERRA-2 aerosol fields that are not directly constrained by the assimilated AOD observations. 2. MERRA-2 aerosol system overview a. MERRA-2 aerosol modeling system
Here we summarize the MERRA-2 modeling system with an emphasis on the treatment of aerosols. An overview of the MERRA-2 modeling system is given by Gelaro et al. (2017) , and more details specific to the aerosols in the MERRA-2 system (i.e., aerosol module, emissions, aerosol data assimilation method) can be found in Part I.
Briefly, MERRA-2 uses the GEOS-5 Earth system model (Rienecker et al. 2008; Molod et al. 2015) and the three-dimensional variational data assimilation (3DVar) Gridpoint Statistical Interpolation analysis system (GSI) (Wu et al. 2002; Kleist et al. 2009 ). The GEOS-5 model is radiatively coupled to the Goddard Chemistry Aerosol Radiation and Transport model (GOCART; Chin et al. 2002; Colarco et al. 2010 ) aerosol module and simulates five types of aerosols [dust, sea salt, sulfate, and black and organic carbon (BC and OC)]. Aerosol optical properties are as described in Colarco et al. (2010) and are primarily based on the Optical Properties of Aerosols and Clouds (OPAC) database (Hess et al. 1998 ) with updated dust optical properties that incorporate nonsphericity (Meng et al. 2010; Colarco et al. 2014) .
Note that in MERRA-2, aerosol and meteorological observations are jointly assimilated within GEOS-5. The assimilation of AOD in GEOS-5 involves very careful cloud screening and homogenization of the observing system by means of a neural net scheme that translates MODIS and AVHRR radiances into AERONET calibrated AOD (550 nm). The system also assimilates (non bias corrected) MISR 550-nm AOD over bright surfaces (albedo .0.15) and surface-based AERONET AOD observations at 550 nm. (Note that AERONET measurements are interpolated to 550 nm using the Angström relationship and the closest available channels, generally 500 and 675 nm.)
From 2010, GEOS-5 is driven by daily biomass burning emissions derived from MODIS Fire Radiative Power (FRP) retrievals using the Quick Fire Emission Dataset (QFED) emissions (Darmenov and da Silva 2015) . As detailed in Part I, prior to 2010 MERRA-2 used monthly mean biomass burning emissions. These emissions apply a QFED scaling to RETROv2 emissions (1980-96; Duncan et al. 2003 ) and the Global Fire Emission Dataset (GFED), version 3.1 Randerson et al. 2006; van der Werf et al. 2006 ). This scaling allowed for the calibration of historical emissions to post-2010 QFED emissions (i.e., it helped to minimize discontinuities between the different biomass burning emission inventories considered). MERRA-2 aerosols are also driven by historical anthropogenic and volcanic emissions used by the Aerosol Comparisons between Observations and Models (AeroCom) modeling community (Diehl et al. 2012; http://aerocom.met.no) . The model resolution is 0.58 3 0.6258 latitude by longitude with 72 hybrid-eta layers from the surface to 0.01 hPa.
We include assimilation of various quality-controlled AOD observations every 3 h by means of analysis splitting and the local displacement ensemble (LDE) methodology (Buchard et al. 2015 (Buchard et al. , 2016 Part I) . The LDE method tries to correct for misplaced aerosol ''plumes'' by considering aerosol properties (speciation, vertical distribution) in neighboring grid boxes to try and minimize the difference between the model forecast and the assimilated observations (i.e., the AOD increment). Note that in regions where the LDE algorithm is not attempting to correct for misplaced plumes, the AOD increment is applied as a vertical scaling factor (i.e., the extinction profile shifts rather than changes shape). Therefore, in many cases, if aerosol mass at a given level is too high (low) relative to observations, applying the AOD increment can exacerbate (reduce) this bias.
AOD is the total column extinction due to all aerosol species. This two-dimensional property does not contain information about either the vertical distribution of aerosol extinction or the contribution of any given aerosol species to the extinction at any level of the atmosphere. The model forecast determines the aerosol distributions (mass, speciation, vertical location) and, combined with species-specific assumptions of optical properties and hygroscopic growth, we can calculate the AOD (see Part I for further details on the conversion of aerosol mass to optical properties). From the assimilation, we determine an AOD increment (see Part I for further details on the calculation of the AOD increment). Importantly, this 2D AOD increment does not contain sufficient information content to correct errors in the aerosol speciation, the vertical distribution of aerosols, or the model-assumed relationship between aerosol mass and optical properties. Rather, these aerosol distributions and properties arise from the forecast model assumptions and the formulation of the aerosol data assimilation algorithm that includes the LDE methodology.
b. Control experiment without AOD assimilation
To illustrate the impacts of the AOD assimilation, we perform a control run (hereafter M2REPLAY). In this simulation, we used the exact same modeling system used for MERRA-2, driven by MERRA-2 meteorology (winds, temperature, specific humidity) and identical aerosol emissions, but without the assimilation of AOD observations. M2REPLAY was performed in ''replay'' mode (e.g., Colarco et al. 2010; Buchard et al. 2014) . In replay mode, the model functions like an offline chemical transport model (CTM) in that meteorology from a previous analysis (here, MERRA-2) is used to drive the model for a specified period. However, unlike in a CTM where the meteorological state is interpolated between analysis time steps, in the replay framework the system makes self-consistent meteorological forecasts between 6-h analysis times. Because of computational constraints, M2REPLAY was performed for the EOS period (post 2000) only. Importantly, because M2REPLAY does not include AOD assimilation, comparisons of MERRA-2 aerosol fields to M2REPLAY indicate the impact of AOD assimilation on simulated aerosol properties and spatial distributions.
Evaluation against independent observations
In section 3, we present an assessment of MERRA-2 aerosol optical properties, vertical distribution, and surface PM 2.5 building on our analysis methods from Buchard et al. (2015) and Buchard et al. (2016) . We point out that, in constraining the AOD, the assimilation does not directly constrain, for example, the aerosol absorption optical depth, the ultraviolet aerosol index, the aerosol vertical distribution, or the surface concentration (see section 2a). We therefore perform a comparison of these aerosol properties to observations as independent validation for MERRA-2.
We start by comparing MERRA-2 simulated AI and AAOD to OMI retrievals. The vertical distribution of aerosols is evaluated using CALIOP measurements over regions characterized by different aerosol types and over the continental United States using airborne HSRL measurements from several field campaigns. The global distribution of MERRA-2 surface PM 2.5 is qualitatively compared to published work from van Donkelaar et al. (2010) , and we more quantitatively assess PM 2.5 using data collected by the U.S. EPA and IMPROVE networks over the United States.
a. Aerosol optical properties-AI and AAOD
Here we compare MERRA-2 AAOD and ultraviolet AI to observations from OMI. The dataset description and analysis method used here are repeated from Buchard et al. (2015) with some modifications. OMI is a Dutch-Finnish instrument onboard the NASA EOS Aura spacecraft (July 2004-present) that measures scattered sunlight in the 270-500-nm wavelength range with a spatial resolution ranging from 13 km 3 24 km at nadir to about 28 km 3 150 km along its scan edges (Levelt et al. 2006) . The near-UV AI, derived from the OMI UV aerosol (OMAERUV) algorithm, is a qualitative parameter useful for detecting the presence of absorbing aerosols in the atmosphere based on a spectral contrast method in the near-UV region where ozone absorption is very small (Herman et al. 1997; Torres et al. 1998 Torres et al. , 2007 . One interesting aspect of this parameter is that it is directly derived from instrument measurements and consequently is not affected by uncertainties in assumed aerosol properties. AI is well known to be sensitive to aerosol concentration, aerosol optical properties, and aerosol layer height (de Graaf and Stammes 2005; Herman et al. 1997; Hsu et al. 1999; Torres et al. 1998; Colarco et al. 2002) . In addition, the OMAERUV algorithm uses OMI-measured reflectances at 354 and 388 nm to derive AOD and AAOD at 388 nm using precomputed top of the atmosphere (TOA) aerosol reflectance look-up tables (LUTs) for a set of 21 aerosol models composed of three aerosol types (dust, carbonaceous aerosols, and sulfate-based aerosols). Buchard et al. (2015) developed a radiative transfer interface to the Vector Linearized Discrete Ordinate Radiative Transfer (VLIDORT) radiative transfer code (Spurr 2006) to simulate the UV AI from the GEOS-5 aerosol fields at the OMI footprint. Simulated AI can then be directly compared with AI derived from the OMI instrument. The simulated AI is computed as AI 5 2100 3 log 10 I
Model 354
where I
Model 354 is the VLIDORT-calculated TOA radiance at 354 nm using MERRA-2 simulated aerosol concentrations, and I cRayleigh 354 is the TOA radiance at 354 nm without aerosols assuming the adjusted Lambertian equivalent reflectivity (LER) at 388 nm (R Model 388 * ). Additional details on the calculation of AI using the VLIDORT simulator can be found in Buchard et al. (2015) . Figure 1 shows the monthly mean OMI and MERRA-2 UV AI and AAOD for July 2007. For both the AI and AAOD comparisons shown here, we use the research version of the Level-2 OMAERUV aerosol data products (Torres et al. 2013 ) that were used in the Buchard et al. (2015) AAOD comparison. Note that AAOD depends on the optical properties assumed at one wavelength and is proportional to aerosol mass, which is constrained during the AOD assimilation. AI, on the other hand, depends on the spectral absorption contrast between two UV wavelengths. Thus, good performance in one parameter (AAOD) does not guarantee the same performance for the other one (AI).
Globally, MERRA-2 simulates the AI reasonably well compared with OMI. Previously, we had compared an earlier EOS-period offline AOD analysis [MERRA Aerosol Reanalysis (MERRAero); Buchard et al. 2015] to OMI AAOD and AI. In that study, our comparisons enabled us to develop improved dust optical tables that were subsequently used in MERRA-2. Also, unlike Buchard et al. (2015) , MERRA-2 includes assimilation of MISR over bright desert regions as well as AERONET observations. For these reasons, compared with Buchard et al. (2015) , we see better agreement between MERRA-2 and OMI AI over dusty regions [see Fig. S1 in the online supplemental material for results from Buchard et al. (2015) ]. However, we still see AI biases between OMI and MERRA-2 in biomass burning regions, particularly in southern Africa. Previous analysis attributed this to the assumed spectral dependence of near-UV absorption from biomass burning aerosols (mainly OC) in the model (Buchard et al. 2015) . MERRA-2 uses the same OC optical properties as this previous work. We are currently evaluating revised optical tables for biomass burning aerosol to account for ''brown carbon'' absorption in the UV (e.g., Hammer et al. 2016) . Finally, compared with Buchard et al. (2015) , the MERRA-2 388-nm AAOD shows improved agreement with OMI, particularly in parts of Asia and over the Indo-Gangetic plain in India, regions impacted by complex mixtures of both dust and anthropogenic aerosol.
b. Vertical distribution of aerosols-Backscatter and extinction profiles
Since 2006, the CALIOP instrument, carried by CALIPSO as part of the NASA A-Train (Winker et al. 2007 (Winker et al. , 2009 ) has provided important global information about aerosol vertical structure. Previous work (MERRAero; Buchard et al. 2015 Buchard et al. , 2016 showed that the model and AOD assimilation produced aerosol speciation and vertical distributions that compared well to the CALIOP vertical feature mask (Colarco et al. 2014; Nowottnick et al. 2015) . Figure 2 compares the vertical structure of 532-nm attenuated backscatter from MERRA-2 and M2REPLAY sampled along the CALIOP track over regions of particular interest (e.g., the dust transport region from northern Africa to the North Atlantic, biomass burning regions of southern Africa and the Amazon, and over the continental United States; see inset map for region definitions). Seasonal medians are shown separately during the day and night for the period June-August (JJA) 2008. The shaded area indicates the 25th-75th percentiles of all profiles.
The following data description and analysis method follow Buchard et al. (2016) with minor modifications. We consider CALIOP, version 3.01, Level 1B attenuated backscatter. These observations have been cloudcleared using the Level 2 vertical feature mask, and they were averaged to a uniform resolution (20 km horizontally, 60 m vertically). Each profile consists of (at most) an average of 120 full samples (each sample is ; 1 /3 km horizontal 3 30 m vertical resolution). The observations here include contributions from both aerosols and gas molecules (Rayleigh scattering). CALIOP extinction profile retrievals are derived using assumed extinction-to-backscatter ratios that are unlikely to be consistent with the ratios assumed in MERRA-2 [e.g., nonspherical dust optics from Colarco et al. (2014) ]. While we can easily compute the aerosol-only backscatter in MERRA-2, the removal of the molecular scattering contribution from the CALIOP observed attenuated backscatter may lead to a source of error. Therefore, as in Buchard et al. (2016) , here we restrict our analysis to the total (aerosol plus molecular) attenuated backscatter coefficient. Generally, MERRA-2 tends to exhibit similar vertical structure as CALIOP over these important aerosol source regions, with maximum attenuated backscatter values at about the same height. The near-surface attenuated backscatter is underestimated in northern and southern Africa. Examining meridional profiles (not shown), an underestimation of the MERRA-2 attenuated backscatter values for sea salt type aerosols near the ocean surface is observed relative to CALIOP. This underestimation could be due to, for example, errors in aerosol mass in the lowest layers of MERRA-2 atmosphere or errors in the conversion from aerosol mass to optical properties, which includes the prescription of hygroscopic growth.
Recall that the AOD analysis is performed by means of analysis splitting (Part I, section 3 therein): having derived 2D AOD analysis increments, the 3D analysis increments of aerosol mass concentration are then computed using an ensemble formulation for the background error covariance. This calculation is performed using the LDE methodology under the assumption that ensemble perturbations represent misplacements of the aerosol plumes. Consequently, changes in mass may not be applied uniformly to the aerosol types in the central grid box, which, through the LDE methodology, is influenced by neighboring gridbox properties such as speciation and vertical distribution. Here we show that although we assimilate 2D AOD in MERRA-2, the aerosol assimilation system (AOD analysis 1 LDE methodology) tends to improve the vertical distribution of MERRA-2 aerosols, which are generally closer to the observation profiles than the M2REPLAY control simulation. This improvement is seen more readily during daylight hours, when it is possible to assimilate AOD observations (i.e., passive satellite sensors and ground-based sunphotometers can only measure AOD during the day).
Next, following the analysis method first described in Buchard et al. (2016) , we compare MERRA-2 to HSRL measurements deployed during the NASA Deriving Information on Surface Conditions from Column and Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ; https://www.nasa.gov/mission_pages/ discover-aq/) and Studies of Emissions and Atmospheric Composition, Clouds, and Climate Coupling by Regional Surveys (SEAC 4 RS; http://www.nasa.gov/mission_ pages/seac4rs) field campaigns. These aircraft campaigns sampled aerosol properties with in situ and remote sensing instruments over large regions of the United States (Baltimore-Washington, D.C. in July 2011; San Joaquin Valley, California, in January-February 2013; and the southeastern United States and Houston, Texas, in AugustSeptember 2013).
HSRL measures vertical profiles of aerosol extinction (systematic error ,0.01 km 21 ), backscatter, and depolarization at 532 nm, without involving any additional aerosol measurements or requiring assumptions about aerosol type (Hair et al. 2008) . During the campaigns considered, three different instruments that share similar measurement techniques and analysis algorithms were used (HSRL-1, HSRL-2, and the Differential Absorption Lidar or DIAL/HSRL). While HSRL-1 and HRSL-2 only have a nadir view of the atmosphere, DIAL/HSRL retrieves aerosol profiles above and below the aircraft. Figure 3 compares the campaign median extinction and backscatter profiles from the various phases of the DISCOVER-AQ and SEAC 4 RS campaigns to MERRA-2 profiles collocated along the aircraft trajectories. In general, given the variability of the profiles encountered (shading) and the model resolution, MERRA-2 shows good agreement with the observed vertical profiles of extinction and backscatter over the continental United States. Over Houston MERRA-2 is missing HSRL-detected aerosol layers above the boundary layer that are likely due to long-range smoke transport from the northwestern United States. Recall that in MERRA-2 biomass burning emissions are deposited in the boundary layer without consideration of local buoyancy enhancement by fire heat fluxes (e.g., Freitas et al. 2007 ), a feature that could explain this deficiency in vertical structure (e.g., Colarco et al. 2004) . During SEAC 4 RS, however, MERRA-2 backscatter and extinction generally agree well with observations near fire sources and above the boundary layer (see section 4c).
The largest disagreement between HSRL and MERRA-2 is over the San Joaquin Valley region of California (Fig. 3, third row) . HSRL detects a shallow aerosol layer near the surface with strong increases in surface aerosol extinction and backscatter not seen in MERRA-2. Possible explanations for this model low bias include an unrealistic representation of the boundary layer and/or a low bias in aerosol surface emissions [e.g., not including nitrate aerosols in the model or underestimating OC emissions during the winter; see Buchard et al. (2016) and section 3c herein]. As seen with CALIOP comparisons, the aerosol assimilation system generally tends to bring MERRA-2 profiles closer to the observations than the control simulation (M2REPLAY) profiles. Fine aerosols near the surface with diameters less than 2.5 mm, known as PM 2.5 , negatively impact both air quality and human health (e.g., Pope et al. 2009; Pope and Dockery 2013) . Air quality monitoring networks exist in various regions over the globe, but they offer sparse geographical and temporal coverage. The use of data assimilation systems as an integrator of observations and models can potentially provide better spatiotemporal forecasts of PM 2.5 for use by the air quality scientific community.
Here we first qualitatively examine the global MERRA-2 surface aerosol concentrations compared with van Donkelaar et al. (2010) , who provide a longterm average of satellite-derived PM 2.5 . They combined observed AOD from MODIS and MISR with aerosol simulations from the GEOS-Chem chemical transport model to estimate PM 2.5 on a global scale. Next, we perform a more detailed analysis as in Buchard et al. (2016) using surface PM 2.5 data collected from the EPA and IMPROVE networks over the United States. The data description and analysis methods used to compare our modeled PM 2.5 with observations were originally presented in Buchard et al. (2016); the text that follows is derived from that work with minor modifications. The U.S. EPA collects observations of surface PM 2.5 using a filter-based method on an integrated 24-h basis and also measures surface aerosol speciation as part of their Air Quality System (AQS) and Chemical Speciation Network (CSN), respectively. Both of these networks tend to be located in suburban or urban locations primarily in the eastern part of the United States (Malm et al. 1994 (Malm et al. , 2011 . PM 2.5 daily speciation measurements are also available from more than 150 mostly remote or rural locations as part of the IMPROVE network operated by the National Park Service and other federal agencies (Malm et al. 1994; Hand et al. 2011) . From these IMPROVE individual component measurements (dust, sea salt, black and organic carbon, ammonium sulfate, and nitrate), we are able to calculate the reconstructed fine mass (RCFM) defined in Buchard et al. [2016, their Eq. (2) ]. For this study, MERRA-2 PM 2.5 has been sampled at EPA-AQS (EPA parameter 88101) and IMPROVE observation locations and times.
We calculate daily averages (in observation local time) using hourly output from MERRA-2. We restrict our analysis to observations from suburban and rural sites because PM 2.5 concentrations in urban areas are generally not representative of gridbox mean values (i.e., they tend to be higher and less uniform than suburban and rural sites). We also use a statistical quality control method, the adaptive buddy check of Dee et al. (2001) , to further remove in situ observations that are unrepresentative of gridbox mean conditions. We refer to Buchard et al. (2016) for additional details about each observation network and the calculation of the RCFM from model aerosol components. Figure 5 compares the monthly-mean MERRA-2 PM 2.5 with observations from the EPA-AQS and IMPROVE networks over several regions of the United States (defined in the inset map). Overall, MERRA-2 PM 2.5 compares well with observations. MERRA-2 PM 2.5 is similar to results from our previous offline AOD reanalysis (MERRAero; Buchard et al. 2016 , and Fig. S2 herein) , although MERRA-2 has higher PM 2.5 in the eastern United States in summer. MERRA-2 PM 2.5 is in better agreement with rural IMPROVE observations compared with more suburban EPA-AQS observations. The largest biases between MERRA-2 and EPA-AQS are found in the winter over the northwest and northeast regions. As was shown in Buchard et al. (2016) , these biases stem from the lack of nitrate aerosols in GOCART and an underestimation of OC emissions sources in suburban areas [see Randles et al. (2016) , their Fig. 4 .13, for comparisons of aerosol speciation].
The comparison of MERRA-2 ammonium sulfate, BC, and OC to the observations is similar to the results in Buchard et al. (2016) . However, MERRA-2 shows a larger overestimation of dust and especially sea salt, regardless of the network. The springtime overestimate in dust is likely due to excessive local emissions and transport of Asian dust. Two things contribute to the overestimation of sea salt PM 2.5 : 1) there are errant emissions of sea salt over several lakes including the Great Lakes due to an issue in the lake-masking algorithm (Part I, Fig. 1 therein) and 2) sea salt aerosol intrusions occur in some coastal regions (Randles et al. 2016) . Furthermore, any penetration of sea salt into coastal regions can be exacerbated by the assimilation if forecasted AOD is lower than observed. However, while these issues have consequences for surface PM in some locations (e.g., Randles et al. 2016, their Fig. 4 .22, and this study), they have minimal impact on the MERRA-2 assimilated AOD fields (e.g., Part I, Figs. 7 and 8 therein).
Case studies
Previously we have examined the performance of MERRA-2 aerosol properties and distributions using various independent observational datasets on global and regional scales. Here we focus our analysis on four major aerosol events. We have shown in section 3 herein and in Part I that the AOD assimilation generally has a positive impact on the simulation of aerosols in MERRA-2 compared with both observations and M2REPLAY. However, the case studies presented next point out that AOD assimilation can also negatively impact some or all aerosol properties for a given time and place. Since diagnosing such biases is not always possible (e.g., due to computational resource limitations), it is crucial to consider available observations in addition to the analyzed aerosol fields when studying aerosol events. Within the context of these case studies, we demonstrate both model skill as well as important caveats to consider when using MERRA-2 aerosol products that are less constrained by the AOD assimilation.
a. Volcanic eruption: Mount Pinatubo eruption in June 1991
The Stratospheric Aerosol and Gas Experiment (SAGE) II instrument (Mauldin et al. 1985) provides observations of aerosol properties in the stratosphere. It continuously measured aerosol extinction profiles at four wavelengths from October 1984 to August 2005. In this study, we use a reconstructed version of SAGE II monthly extinction profiles and stratospheric AOD observations at 525 nm (Thomason and Peter 2006; L. Thomason 2016, unpublished manuscript) to evaluate the MERRA-2 stratospheric aerosol properties during the Mount Pinatubo eruption. This dataset is a monthlymean reconstruction from a combination of SAGE II and Cryogenic Limb Array Etalon Spectrometer (CLAES; Mergenthaler et al. 1995) observations. Because SAGE II was a limb instrument that observed the same latitude approximately twice a month, we have subsampled MERRA-2 extinction profiles using SAGE II instrument overpass times (where available) prior to making monthly averages. Where the Thomason and Peter (2006) dataset (also L. Thomason 2016, unpublished manuscript) uses CLAES observations (because SAGE II observations were otherwise unavailable), we have filled out our model data with a strict monthly mean of MERRA-2 extinction profiles without sampling because CLAES overpass times were not available. Thus, we note the caveat that this comparison is more qualitative than quantitative due to these important sampling differences. Figure 6 shows seasonal median of the vertical distribution of extinction from SAGE II and MERRA-2 at 525 nm averaged over the tropics (208N-208S) for the period from June to December 1991, the 6-month period following the 15 June 1991 eruption of Mt. Pinatubo in the Philippines; shading indicates the 25th-75th percentiles of all profiles for that period. Clearly, the MERRA-2 maximum extinction value appears to be too high in altitude compared with SAGE. This is likely due to the model's injection of SO 2 up to 30 km into the stratosphere, as indicated by the AeroCom eruptive volcanic emissions database (Diehl et al. 2012 ). More recent estimates suggest a smaller SO 2 injection amount and lower altitude of injection (Carn et al. 2016) . The peak stratospheric extinction in MERRA-2 is less than the peak extinction in the SAGE-II observations. However, integrating the extinction over the stratospheric column, we note that the MERRA-2 stratospheric AOD exceeds the observed stratospheric AOD. Figure 7 (bottom row) compares the zonal-mean stratospheric AOD to the reconstructed SAGE II AOD at 525 nm. We again subsample model extinction using SAGE II overpass times. Note that stratospheric AOD is not separately archived in MERRA-2; we calculate it by integrating each aerosol extinction profile above the model-diagnosed tropopause level. We also compare the zonal-mean MERRA-2 stratospheric AOD sampled with AVHRR observation times to an estimate of stratospheric AOD based on the AVHRR AOD anomaly after Pinatubo (Fig. 7, top row) . To construct this anomaly, as in Aquila et al. (2012) , we subtract out a 7-yr climatology of total column AOD unaffected by major volcanic eruptions from AVHRR observed AOD after Pinatubo. Note that Fig. 7 uses the same neural net retrieval AVHRR observations as used in the assimilation.
In both comparisons shown in Fig. 7 , MERRA-2 stratospheric AOD is too high compared with available observations. This overestimation is due to 1) the increased stratospheric lifetime associated with an injection of SO 2 that is too high (work in progress suggests a maximum injection altitude of ;22 km) and 2) the treatment of the volcanic aerosol as tropospheric-sized particles. MERRA-2 carries a single sulfate tracer and thus assumes that all sulfate aerosols have the same dry size distribution and hygroscopic growth properties. For this tracer, we are using an effective radius that is more appropriate for nonvolcanic tropospheric aerosols (Aquila et al. 2012) . Thus, in the assimilation for the amount of injected SO 2 , we overestimate stratospheric sulfate aerosol AOD because smaller particles are more efficient at scattering light. The model does show the plume traveling toward both hemispheres as observed; however, the volcanic plume spreads too quickly from the tropics to the polar regions whereas SAGE and AVHRR indicate that the plume was confined in the tropics for a longer period of time than simulated. This is likely due to the distribution of SO 2 up to 30 km into the stratosphere (Fig. 6) . Note that the increased AOD at very high latitudes (.608 latitude) in boreal summer is 1) not impacted by the AVHRR assimilation since no data exist at these latitudes and 2) is due to having highly hygroscopic sulfate particles in a very high (.80%) relative humidity environment.
It is important to note that, because of AOD data assimilation, the eruptions of Pinatubo and El Chichón had consequences not only on MERRA-2 sulfate AOD but also on the AOD of other species, especially dust and sea salt (Part I). As shown previously, MERRA-2 overestimates stratospheric sulfate aerosol AOD after Pinatubo, and, compared with available observations, does not match the shape of the observed aerosol extinction profile. When the assimilation tries to reduce the total (stratospheric 1 tropospheric) AOD to minimize differences with Thomason and Peter (2006) and L. Thomason (2016, unpublished manuscript). assimilated observations, it applies negative AOD increments to all species, at all levels-not just stratospheric sulfate aerosols (Part I, Fig. 5a therein) . The scaling of the entire extinction profile to lower levels (and hence lower AOD) causes an apparent decrease in aerosol species found closer to the surface (e.g., dust and sea salt) after the El Chichón and Pinatubo eruptions. This decrease in extinction below the stratosphere is an artifact of the assimilation process and the parameterization of volcanic aerosols (i.e., emissions injection height and amount, assumed particle size; Part I). Such behavior of the aerosol assimilation system stresses the importance of refining the model forecast of major volcanic events before performing any type of aerosol data assimilation.
b. Saharan dust event and transport
Desert dust is one of the main contributors to the global aerosol burden (Textor et al. 2006) , and dust has a large impact on Earth's radiative budget because it absorbs and scatters both solar and thermal radiation (Balkanski et al. 2007; Colarco et al. 2014) . Additionally, deposition of desert dust into the ocean is an important source of iron and therefore influences phytoplankton growth rates (i.e., atmospheric carbon dioxide uptake in ocean) and biosphere-climate interactions (Mahowald et al. 2009; Tagliabue et al. 2009 ).
North African deserts are the largest source of dust emissions. Much of this dust gets transported to the west across the Atlantic Ocean, reaching the Caribbean (Prospero and Nees 1986; Prospero and Lamb 2003; Chiapello et al. 2005) , the southern United States, and South America at times (Prospero et al. 2010; Yu et al. 2013) . Figure S4 shows an illustration of MERRA-2 trans-Atlantic dust transport between the end of March 2010 and early April 2010. To quantitatively illustrate differences between MERRA-2 and M2REPLAY, we evaluate the model simulated AOD at 550 nm with ground-based AERONET measurements (Holben et al. 1998 ; Level 2) at two stations, Dakar (14.398N, 16.968W) near the North African dust sources and Ragged Point in Barbados (13.168N, 59.438W), in Fig. 8 . Of course, these data were assimilated in MERRA-2, but comparing and contrasting to the control simulation (M2REPLAY) indicates the impact of the assimilation on the AOD and dust transport across the Atlantic. These time series of hourly AOD illustrate that M2REPLAY generally tends to underestimate AERONET AOD, except at Dakar near to the dust sources before the major dust event. MERRA-2 constrained AOD, as expected, is generally better able to capture the observed values at both stations both prior to and during the event.
Finally we examine modeled daily-mean dust surface concentration using observations collected at Barbados station (Prospero and Nees 1986; Prospero and Lamb 2003) for the whole year 2010 (Fig. 9) . The observations show a clear annual cycle in dust transport from northern Africa to the Caribbean, with a winter minimum, a pronounced summer maximum, and a secondary maximum in the spring. Both MERRA-2 and M2REPLAY show a high degree of correlation with the observed surface mass concentration (r $ 0.69 for the entire year and r $ 0.92 for the April dust storm shown in the inset plots). However, MERRA-2 is better at capturing the high values of dust mass measured at the surface that are missed by the M2REPLAY with a reduced mean bias (observation 2 model), particularly during the spring event. Combining the results of this case study with our analysis of vertical profiles from CALIPSO off the northern coast of Africa (Fig. 2) , we conclude that the aerosol assimilation methodology (2D analysis combined with LDE methodology) has an overall positive impact on the representation of dust aerosol distribution and transport from the Sahara to the Caribbean. Additionally a climatology of monthlymean dust surface concentration at the Barbados station for the period 1984-2009 (see Randles et al. 2016, their Fig. 4.16 and Fig. S5 ) shows that the long-term dust surface concentration seasonal cycle is well simulated in MERRA-2 compared to observations.
c. The Rim Fire of summer 2013 in California
The Rim Fire of the summer of 2013 affected the central Sierra Nevada and was one of the largest wildfires in California's history (Peterson et al. 2015) . Instruments deployed during the SEAC 4 RS campaign described in section 3 were able to take measurements of the Rim Fire's smoke plume on 26 and 27 August, providing us with an opportunity to examine the ability of MERRA-2 and M2REPLAY to reproduce this large biomass burning event. Figure 10 shows the time series of MERRA-2 and M2REPLAY vertical distribution of aerosol backscatter coefficient at 532 nm compared with the DIAL/HSRL measurements onboard the NASA DC-8 aircraft on 26 and 27 August. Both simulations have been sampled in space and time along the aircraft flight path (shown on the inset map). The DIAL/HSRL measurements show that the smoke particles are well mixed in a layer from the surface extending up to ;5 km, with the highest backscatter near the fire emission source. Examining the model simulations, both MERRA-2 and M2REPLAY are able to reproduce the smoke plume from about 5 km down to the surface. Near the Rim Fire, M2REPLAY backscatter is more consistent with the DIAL/HSRL measurements, exhibiting a strong backscatter, while MERRA-2 appears generally weaker. This suggests that the QFED biomass burning emissions and the meteorological state from the model (e.g., wind and boundary layer height) provided good initial conditions in the forecast model near the fire emission source. The assimilation applied a negative increment because the assimilated observations of AOD were lower than the forecast AOD in this particular model grid box. In contrast, farther away from the fire source, MERRA-2 exhibits improved backscatter relative to the DIAL/ HSRL measurements compared with M2REPLAY, which is generally too strong away from the biomass burning source. Figure 11a compares the DIAL/HRSL median extinction profile to the corresponding model-derived median extinction profiles during the Rim Fire. Considering all profiles of extinction on these two flight days, MERRA-2 demonstrates an improvement compared with M2REPLAY since the MERRA-2 vertical distribution of extinction is generally closer to the DIAL/HSRL measurements. Additionally, MERRA-2 exhibits a net reduction in the variability between the 25th and 75th percentiles of all profiles compared with M2REPLAY, and this variability more closely resembles the observed profile variability. We also compare MERRA-2 extinction to in situ aircraft measurements by first sampling the model along the flight path and then at the flight altitude. Figure 11b shows the probability density function (PDF) of in situ ambient 532-nm extinction measured with a nephelometer from the Langley Aerosol Research Group (LARGE) (Ziemba et al. 2016 ) aboard the NASA DC-8 aircraft compared with the cosampled model-derived extinction during the Rim Fire flights. Note that the x axis in this figure is logarithmically spaced. Both simulations under-and overestimate the extinction at the lowest and highest tails of the distributions, respectively. However, the peak of the distribution from MERRA-2 is better aligned with the peak in (Fig. S4) . The inset plots show the statistical relationship between collocated observations and the two simulations (see supplemental material for larger versions of the insets).
the observed distribution, though the former is less probable. Overall, AOD assimilation improves the regional-scale character of the Rim Fire, although it tends to degrade the forecast simulation closest to the source.
d. Pollution event over China in January 2013
In January 2013 China experienced an extreme degradation in air quality. Several haze episodes were observed with a pronounced peak occurring between 11 and 13 January (Sun et al. 2014; Zheng et al. 2015) . Sun et al. (2014) and Zheng et al. (2015) investigated the sources and formation of this haze pollution over Beijing and suggested that the chemical evolution of aerosol species during the various haze episodes was most likely associated with stagnant meteorological conditions, coal combustion, secondary aerosol production, and regional transport. Primarily, their studies demonstrated that sulfate aerosol was the species that increased the most because of rapid aqueous-phase production associated with high humidity conditions. A large increase of nitrate was also observed over this region. Additionally, several studies (Ji et al. 2014; Zheng et al. 2015) reported values of surface PM 2.5 greater than 800 mg m 23 for
Beijing during this heavy pollution episode. Figure 12 (top) presents hourly, model-estimated AOD compared with AERONET measurements at 550 nm at the Beijing station (38.508N, 115.968W) between 7 and 22 January. We can see that MERRA-2 and the control simulation (M2REPLAY) show higher AOD during pollution episodes. However, MERRA-2 has a slightly better correlation coefficient and a lower bias value relative to AERONET compared with M2REPLAY and seems to better capture some of the biggest events observed by AERONET, although not all of them. AOD speciation estimated by MERRA-2 (color coded, bottom), and the aqueous phase production of sulfate (right axis, bottom) are also shown in Fig. 12 . Here we see that in MERRA-2 sulfate is the dominant species during the haze events, and this is correlated with aqueous production from SO 2 oxidation.
Although we assimilate AOD from AERONET, it is not the only data source in the region, and MERRA-2 still underestimates AOD during some events. This underestimation may be a consequence of several combined factors. For example, during this period, a relatively small number of AOD observations were available for assimilation in MERRA-2 (see Fig. 13 ), likely due to cloud contamination. As a result, the assimilation drew more toward the GEOS-5 model, which itself may have too weak emissions and mistimed aqueous production. Recall that in MERRA-2 anthropogenic emissions vary on a yearly basis, and emissions databases do not extend to 2013 (e.g., 2006 and 2008 are terminal years for anthropogenic OC/BC and SO 2 databases, respectively; Part I). Additionally, GOCART in MERRA-2 has no treatment for nitrate particles, and we use monthly climatologies of oxidants calculated offline. With a paucity of data to assimilate during this event, we also find that MERRA-2 was unable to capture the extreme high values of PM 2.5 reported for this event (not shown). In summary, this case study demonstrates that the skill of MERRA-2 to simulate aerosol distributions and properties depends both on the availability of observations for the assimilation and on the skill of the underlying forecast model, including its atmospheric state, physical parameterizations, and initial boundary conditions (e.g., emissions).
Summary and conclusions
MERRA-2 assimilates bias-corrected AVHRR and MODIS AOD, MISR AOD over bright surfaces, and AERONET AOD, concurrently with a meteorological assimilation to produce time series of 3D gridded aerosol fields for the period 1980 onward. While assimilated AOD observations do not constrain aerosol speciation, absorption properties, or aerosol vertical structure, the data assimilation system does produce diagnostics of these unconstrained quantities. Complementing Part I, this study uses mostly independent (nonassimilated) observations to validate MERRA-2 aerosol diagnostics and examines major aerosol events as case studies to illustrate the skills and deficiencies of the MERRA-2 aerosol reanalysis.
The accuracy of MERRA-2 aerosol diagnostics depends not only on the quality of AOD observed and the data assimilation algorithm, but also on the quality of the background or forecast model. This implies the need to accurately represent aerosols in the forecast model prior to performing an analysis. In our study, we use a reference control experiment (M2REPLAY) to assess the differences between the forward model and the reanalysis aerosol fields in order to better understand the impacts of the assimilation.
Following prior work using our previous offline aerosol reanalysis (MERRAero; Buchard et al. 2015 ), we first demonstrate that MERRA-2 derived AAOD and simulated UV AI compare well with observations from OMI. As in Buchard et al. (2015) , AI is biased low over southern Africa because the GOCART aerosol module does not currently consider the strong spectral variation of absorption in the near UV associated with brown carbon (Buchard et al. 2015) . The vertical structure of aerosol optical properties in MERRA-2 generally shows good agreement compared to both CALIOP and aircraft observations. The use of local displacement ensembles (LDEs) to characterize plume replacements means that the vertical structure of the aerosol fields is not always simply a result of scaling the forecast fields, but rather represents an optimal weighting of nearest neighbor grid boxes that best minimize the needed AOD increment. Our comparisons with M2REPLAY show that these plume replacements generally improve the representation of aerosol optical properties in the vertical compared to observations. Generally, on a global scale, when compared with M2REPLAY, the aerosol assimilation system leads to better simulated surface small particulate mass (PM 2.5 ) relative to a satellite-based climatology from van Donkelaar et al. (2010) . More detailed comparisons of MERRA-2 PM 2.5 against ground-based observations over the United States show results quite similar to that of our previous offline AOD reanalysis (e.g., MERRAero; Buchard et al. 2016) . MERRA-2 surface PM 2.5 shows better agreement with observations located in more rural areas since urban and suburban areas will be influenced by high, localized emissions that are not representative of the gridbox mean estimated by MERRA-2. However, the assimilation had a limited impact on correcting systematic biases in the GEOS-5 model. Discrepancies in total PM 2.5 in the western United States in the winter arise due to the lack of nitrate in GOCART and too-low emissions of organic carbon. Additionally, surface sea salt aerosol is overestimated in the northeastern United States (due to erroneous lake masking) and in some coastal regions (due to weak wet deposition and coastal intrusion).
The 1991 Mt. Pinatubo eruption analysis demonstrates that the injection altitude of the eruption was too high in MERRA-2, leading to longer stratospheric lifetime and quicker transport of the plume from the tropics to the poles. Further, MERRA-2 treats all sulfate aerosols as having the same extinction coefficient and thus the same assumed size distribution. Smaller particles are optically more efficient at scattering light compared with larger particles. For the amount of SO 2 injected by the Pinatubo eruption (20 Tg), this assumption led to an overestimate of AOD and a negative AOD increment. The negative increment is applied to all aerosol tracers. This results in a marked decrease in the AOD of nonsulfate aerosol directly after the eruption. These decreases are an artifact of the negative AOD increment, and care must be taken when examining the speciated AOD time series after major volcanic eruptions. Current work is focusing on more accurate forward modeling of large stratovolcanic eruptions in order to minimize the application of large negative AOD increments.
The strong Saharan dust event that occurred in April 2010 shows that the aerosol assimilation played an important role for the long-range transport of dust from the northern African deserts over the Atlantic to the Caribbean. Relative to observations, MERRA-2 AOD as well as MERRA-2 surface dust concentrations were improved compared with M2REPLAY both close to the dust sources and far downwind of the dust emissions near Barbados.
The Rim Fire in California provided an opportunity to study the ability of MERRA-2 and M2REPLAY to simulate aerosol optical properties during a large biomass burning event. While M2REPLAY better simulated the aerosol optical properties close to the fire emission source, MERRA-2 tends to agree better with aircraft observations farther away from the smoke source. It is likely that the MODIS FRP-based QFED daily emissions provided good initial conditions in the forward model. However, the MERRA-2 AOD increment in the grid box near the emissions source was impacted by observations both inside and outside of the plume. The applied increment in this grid box was negative, and in this particular case the AOD assimilation degrades the AOD relative to observations close to the source. Nevertheless, examining the two days of the Rim Fire plume shows that the assimilation overall statistically improves the representation of this biomass burning plume.
Finally, the extreme pollution event over China in January 2013 shows that MERRA-2 indeed simulated high AOD during some haze episodes. These simulated AOD peaks were strongly correlated with the aqueous phase production of sulfate. However, MERRA-2 does not well represent all haze episodes, including their timing and magnitude. MERRA-2 does not capture all of these events due to a combination of several factors, including inadequate anthropogenic emissions with only interannual variability, a lack of nitrate aerosols in GOCART, and a relatively small amount of observed data for the assimilation. All of these factors combined to limit the impact of the aerosol assimilation during these pollution events.
By comparing and contrasting MERRA-2 aerosols with the M2REPLAY control that lacks AOD assimilation, we have shown that AOD assimilation generally reduces the bias between simulated aerosol properties and observations. We emphasize, however, that only the total aerosol AOD is included in the aerosol data assimilation system. Care must always be taken when considering speciated aerosol properties, surface concentrations, and aerosol vertical distributions since assimilated AOD has no information content regarding these properties and can potentially decrease the model performance for a given aerosol species, a given atmospheric level, or a particular aerosol event. Nevertheless, MERRA-2 represents a large step forward toward an Integrated Earth System Analysis (IESA) system. Future work will focus on improving the forecast simulation of aerosols to minimize needed analysis increments. We will also be incorporating observations from additional space-and ground-based sensors from an everexpanding aerosol observing network to help to further constrain the aerosol assimilation, in terms of both the total number of observations and the information content of observations (e.g., vertical structure from spacebased active sensors). the Global Modeling and Assimilation Office at NASA GSFC, supported by NASA's Modeling, Analysis, and Prediction (MAP) program. Resources supporting this work were provided by the NASA High-End Computing (HEC) Program through the NASA Center for Climate Simulation (NCCS) at the Goddard Space Flight Center. The authors would like to acknowledge our colleagues at the Global Modeling and Assimilation Office who produced MERRA-2 and all the persons from the NASA OMI, MODIS, CALIOP instrument teams, and the AERONET network for making available the aerosol products used in this study. We also thank all SEAC 4 RS and DISCOVER-AQ PIs, participants, and funding organizations that made these aircraft field experiments possible. Finally we thank the FIG. 13 . Number of total AOD observations assimilated in MERRA-2 during January 2013. Observations are included from all sensors in the aerosol observing system during this period (MODIS Terra, MODIS Aqua, AERONET, and MISR). Note the relative paucity of observations over China compared to, for example, over northwestern India.
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